Highly purified n-type Upgraded Metallurgical Grade (UMG) silicon carries a large potential for high efficiency low cost solar cells. In this study, the industrially producib o manufacture large-area n-type rear junction solar cells from such a Si material with a screen-printed Al-alloyed full-area emitter featuring a selective phosphorous front surface field (FSF) and a SiO 2 /SiN x :H passivation on the front. Since resistivity at the seed end is about seven times as high as at the tail end of the UMG Si ingot and carrier lifetime decreases from seed to tail end, a clear corresponding wafers in the UMG Si ingot is observable. Maximum conversion efficiency is reached (on a wafer = 19.0% being, to the so far reported on industrial type solar cells manufactured from 100% UMG Si.
Introduction
Replacing p-type Si wafers predominantly utilized in current solar cell production by pure n-type Si material yields various benefits. n-type Si is in general more tolerant of residual metal impurities like, for instance, Fe allowing a higher carrier diffusion length for the same impurity concentration [1] . Additionally, in case of non-compensated material, no light-induced degradation (LID) of solar cell efficiency caused by B-O complexes occurs [2] .
In recent years, applying the industrial standard processing sequence for p-type Si solar cells to n-type substrates, known ], has proven a promising candidate for a simple and economical fabrication of n-type Si solar cells. From this approach, a solar cell with a heavily POCl 3 -diffused and selectively etched-back FSF and a screen-printed Al-alloyed rear emitter emerges [4] .
High purity UMG silicon features very low residual impurity concentrations [8, 9] and is used to produce high quality n-type mono-c-Si Cz ingots. Substituting the expensive Electronic Grade (EG) silicon by highly purified n-type UMG silicon to be employed in the PhosTop process provides a large potential for highly efficient low cost solar cells [5] .
n-Type UMG silicon
UMG Si is compensated as it contains both polarity type dopants. For n-type UMG ingots, the dominant one is phosphorus featuring a lower segregation coefficient than boron which leads to a greater resistivity variation along the ingot. Thus, there is a critical amount of P required in the Si feedstock to make -type doped. Furthermore, the starting concentration of B, which needs to be overcompensated, plays a determining role for the resulting specific resistivity of an n-type UMG Si ingot [10] . In order to obtain n-type ingots with a high resistivity from UMG Si, which is especially relevant for rear emitter cell concepts demanding high diffusion lengths, the residual B concentration in the UMG Si feedstock should be as low as possible [10] .
For this study, a 15 kg 6 inch mono-crystalline Cz silicon ingot is grown from 100% highly purified UMG silicon obtained by the PHOTOSIL process [5] with boron and phosphorus concentrations measured by Glow Discharge Mass Spectrometry (GDMS) of 0.15 ppmw and 0.8 ppmw respectively in the feedstock. The resulting ingot is n-type and fully mono-crystalline. Other impurities, especially metals, are not detectable with the analysis techniques applied (GDMS and Inductively Coupled Plasma Atomic Emission Spectroscopy, ICP-OES). The ingot is cut into 125×125 mm 2 semi-square wafers of 180 μm thickness (after texturization).
Experimental details
The UMG material is firstly characterized in terms of specific resistivity and effective minority carrier lifetime eff being crucial parameters to the performance of the final device. Therefore, wafers from the seed and the tail end of the n-type Cz UMG Si ingot are extracted from the solar cell process before and after the different high temperature steps. Then, all layers which are already deposited on or diffused into the wafers are removed in diluted HF and a chemical polishing solution, whereupon resistivity is determined by four-point probe (4PP) at 10×10 measurement points distributed on the wafer area. Subsequently, the wafers are chemically cleaned and passivated by 30 nm atomic layer deposited (ALD) Al 2 O 3 on both sides. The passivation is activated by a 30 min anneal in N 2 atmosphere at 420°C. By means of photoconductance decay measurement (PCD) [7] using a Sinton Lifetime Tester, eff is determined on five approximately 50×50 mm 2 areas in the center and the corners of the 125×125 mm 2 wafers n = 1×10 15 cm -3 . In order to spatially resolve the recombination activity of the wafers, photoluminescence (PL) images are taken.
For the PhosTop solar cells, the emitter is formed by alloying the full-area screen-printed Al on the rear into the silicon wafer. The silver finger grid on the front is established by screen-printing, too. As cell performance of the n-type rear junction cell concept is limited mainly by its front surface recombination velocity [4] , in particular with low ohmic substrates, an improved front surface passivation and antireflection coating (ARC) consisting of a SiO 2 /SiN x :H stack is applied. Additionally, a selectively etched-back phosphorous FSF is diffused into the Si surface. Complementarily to PhosTop solar cells from the Cz UMG wafers, references are manufactured from standard n-type Cz material (125×125 mm 2 semi-square, 220 μm thick after texturization). The processing sequence and the resulting structure of the described PhosTop solar cell are depicted in Fig. 1 . Ther Ther Ther Ther Ther The ma mal mal mal mal ma oxid oxid oxid oxid oxid xidatio atio atio atio atio at n n n n n Edge dge Edge Edge Edge Edge isol sol isol isol isolatio atio atio atio atio at n n n n n: saw sawi sawi sawi sawi aw ng ng ng ng ng g POCl POCl POCl POCl POCl P 3 3 3 3 diff diff diff diff diff diff ffusio usio usio usio usion n n n n (35 ( 
Results and discussion

Lifetime and specific resistivity monitoring
The development of specific resistivity and minority carrier lifetime depending on the ingot position of the wafer employed in the PhosTop cell process and the beforehand conducted process steps is summarized in Table 1 . is measured at the center of the wafer by the eddy current method using a Sinton Lifetime Tester. For spatial resolution of , the 10×10 measurement points distributed on the wafer area are displayed by smoothed contour plots in Fig. 2 exemplarily for the wafers taken from the process after oxidation. It has to be noticed, that due to measurement uncertainties the 4PP method leads to values approximately 12 to 25% smaller than the ones determined by the eddy current method. The eff range listed in Table 1 results from the minimum and maximum value of the PCD measurements on the five different areas of the 125×125 mm 2 n-type Cz UMG wafers. The spatially resolved recombination activity is exemplarily depicted in the PL images of the post-oxidation wafers (Fig. 3) . Resistivity at the seed end is about seven times higher than at the tail end which is caused by the lower segregation coefficient of phosphorus. Specific resistivity of the wafers from both ends of the ingot increases during the first high temperature exposure (POCl 3 diffusion) due to the dissolution of oxygen related thermal donors in the material. At the seed end, remains constant during the subsequent high temperature processes whereas it decreases again a little at the tail end. 4 Carrier lifetime distribution on the wafer area varies considerably. Particularly in the areas with higher lifetimes, eff rises during the POCl 3 diffusion high temperature exposure which is explained by the POCl 3 getter effect and the dissolution of thermal donors known to act as strong recombination centers. The relatively high thermal budget of the PhosTop solar cell process has no detrimental influence on the UMG Si material, as eff further increases during subsequent high temperature exposure. Especially the high lifetime areas of the wafers at the tail end exhibit a considerably lower eff than the ones at the seed end due to the higher concentration of (doping) impurities. Furthermore, the concentration of oxygen, thus of thermal donors, is higher there due to its apparent segregation coefficient >1. However, in PL images of the finished solar cells illuminated by an 808 nm laser, the inhomogeneities are not observable indicating that the low lifetime areas detected by the lifetime samples do not restrict solar cell efficiency.
The spatially resolved 4PP measurement at the seed end wafers exhibits a nearly radial resistivity distribution with maximal in the center, whereas at the tail end wafers, no explicit symmetry is observable. The and the eff spatial distribution do not show an obvious correlation. The reference standard n-type Cz wafers exhibit a minority carrier lifetime of 3-5 ms (surface passivated by a-Si:H) and a specific resistivity of 10 (both values ascertained after the high temperature process) which corresponds to the doping density of the material typically chosen for the manufacturing of rear junction PhosTop solar cells.
IV characterization of solar cells
The characteristic IV parameters of the PhosTop solar cells exhibit a clear dependence on the original position of the wafer in the UMG Si ingot (see Fig. 4 ). The reference solar cell characteristics are close to the reported values achieved with this cell concept [4, 6] . The maximum efficiency of the UMG solar cells is reached on a wafer which has been extracted the seed end with = 19.0%. According to the knowledge, this is the highest efficiency so far reported on industrial type solar cells manufactured from 100% UMG Si. Contrary to the conventional p-type solar cell, in the discussed n-type alternative cell design featuring the carrier collecting junction on the rear, the base contributes to lateral conductivity, which is injection level dependent. For n-type Si with high resistivity, the base is in high injection level condition under illumination which allows the employment of a wide range of low doping concentrations. Because of the base contribution to lateral conductivity, series resistance R S decreases with wafer resistivity towards the tail end of the ingot causing the growing fill factor FF (0.800 at ~ 230 a.u., 0.809 at ~ 600 a.u.). The pseudo fill factor PFF which disregards R S is, however, virtually identical at seed and tail end with PFF = 0.825 or PFF = 0.823, respectively. A two-diode model fit of the IV curve of a solar cell from the seed end (~ 230 a.u.) calculates R S at V OC to be 0.33 2 , whereas at tail end (~ 600 a.u.) R S amounts to 0.29 2 . Since series resistance of the solar cells from high-ohmic sub n and therefore on voltage, R S at seed end is even higher at maximum power point V mpp .
The performance of the rear junction cell concept is limited mainly by its front surface recombination velocity [4] . Towards the tail end of the UMG ingot, FSF becomes less effective on the lower ohmic substrates, which causes a higher effective surface recombination velocity and thus a drastic drop in saturation current density j SC and open circuit voltage V OC . The reduced substrate carrier lifetime there adds to this effect by increasing the recombination activity in the Si bulk (cf. Table 1 ). PC1D [11] simulations identify not to influence V OC , though eff changing with does cause the observed V OC variation along the ingot. j SC is influenced by both and eff leading to the larger relative variation of j SC with ingot height compared to the V OC variation. Saturation current density j 01 determined by the twodiode model fit of the solar cell at 230 a.u. amounts to 3.9×10 -13 A/cm 2 , whereas j 01 = 4.6×10 -13 A/cm 2 at 600 a.u. For a reference cell with standard n-type Cz substrate featuring higher base resistivity and higher carrier lifetime, j 01 amounts to 2.8×10 -13 A/cm 2 .
Light induced degradation
Since the n-type Cz UMG material is compensated, the solar cells suffer from LID caused by recombination active boron-oxygen related defects. For PhosTop solar cells, in particular, this is a significant object of investigation as this concept is largely affected by the resulting eff reduction.
LID of solar cells from seed end (~ 230 a.u.) and tail end (~ 600 a.u.) is compared. Therefore, the time resolved V OC degradation of these solar cells is measured until the degraded saturation value of V OC is reached (Fig. 5 left) . As LID of compensated Si material is divided into a fast and a slow degradation, the initially occurring fast part is measured a second time with a higher time resolution (Fig. 5 right) , assuming that the second annealing step after the first complete degradation has not modified the solar cells except for the B-O related defect concentration. The total V OC loss of the tail end solar cell is smaller V OC = 4.2 mV) and the duration until the fast degradation saturates is longer (15-20 h) than the ones of the seed end solar cell V OC = 10.6 mV, 1-2 h).
For p-type compensated Si, the B-O related degradation rate R is supposed to be dependent on the boron concentration and the net doping concentration p 0 (R ~ p 0 2 ) [12] . Based on lifetime samples of compensated n-type Si, R of lowly doped material has been observed to be higher, as it is the case for our investigation based on solar cells as well [12] . It is supposed that the initial lifetime values in the annealed state have an influence on the degradation amplitude. Furthermore, R might be proportional to the hole concentration in the material [12] . As the hole concentration decreases from seed to tail end assuming a nearly constant B but an increasing P concentration, this supposition is in accordance with the observed time resolved and ingot height dependent LID. eff of the post-oxidation lifetime samples diminishes after 20 h of degradation at 40±1°C and 0.2 suns illumination at seed end of the ingot to a range of 197-402 μs and at tail end to 133-178 μs (cf. Table 1 ). The photoluminescence images reveal that all areas suffer from LID but eff in the high lifetime areas decreases more.
Conclusion
The industrial standard processing sequence for p-type Si solar cells applied to n-type substrates has been employed to manufacture PhosTop solar cells from high purity n-type Cz UMG silicon with very low residual impurity concentrations. and eff have been monitored during solar cell processing as being crucial parameters to the performance of the final device.
Since at the seed end is about seven times as high as at the tail end of the UMG Si ingot (due to the low segregation coefficient of P) and eff decreases from seed to tail end, a clear dependence of the solar ingot is observable. and eff ascend during the first high temperature exposure due to the dissolution of oxygen related thermal donors. eff distribution on the wafer area varies largely. However, the low lifetime areas detected on lifetime samples do not restrict solar cell efficiency. Maximum efficiency is reached on a wafer which has been extracted = 19.0% so far reported on industrial type solar cells manufactured from 100% UMG Si. R S increases with towards the seed end of the ingot causing a diminishing FF (0.800 at ~ 230 a.u., 0.809 at ~ 600 a.u.). Towards the tail end of the UMG ingot, the FSF becomes less effective on the lower ohmic substrates, which causes a higher effective surface recombination velocity and thus a drastic drop in j SC and V OC .
The PhosTop solar cells suffer from LID caused by recombination active B-O related defects. The total V OC loss of the tail end solar V OC = 4.2 mV) and the duration until the fast degradation saturates is longer (15-20 V OC = 10.6 mV, 1-2 h). Furthermore, degradation rate is supposed to be proportional to the hole concentration decreasing from seed to tail end, which is in accordance with the observed time resolved and ingot height dependent LID.
